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A study has been made of the thermal degradation of poly 
(methyl methacrylate) of different molecular weights in toluene, 
ethyl acetate and chloroform. Four poly (methyl methacrylate) 
samples having molecular weights of 2, 210, 000, 733, 000, 320, 000, 
and 43, 000, respectively were studied in this investigation. The 
results indicated that the polymer having a molecular weight of 
;2, 210,000 undergoes degradation while the low molecular weight 
polymers having molecular weights of 733, 000, 320, 000, 43, 000 
undergo reverse polymerization. 
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Studies on the effect of elevated temperatures on the 
stability of natural and synthetic polymers, particularly on their 
thermal degradation, are of importance to polymer science. These 
studies also yield information on the stability of the various bonds 
of the polymer molecules, on the kinetics of depolymerization, on 
the effects of time, temperature, pressure, and products of 
degradation. 
From a practical point of view studies on thermal degrada-
tion of polymers can help to explain the behavior of polymers at 
elevated temperatures. Often such data can suggest the design and 
synthesis of new materials to meet special requirements. 
Poly (methyl methacrylate) is of particular interest in the 
study of polymer degradation because the products of the thermal 
degradation, consist almost entirely of monomer and also because 
the molecular weights of the residues can be conveniently measured. 
In contrast to degradation in the bulk phase, degradation in solution 
can be carried out with various concentrations of the solute. Any 
viscosity effects which are operative in bulk degradation can thus 
be largely eliminated. Secondary reactions are minimized by 
working with very dilute solutions. 
The purpose of this study was to investigate the thermal 
2. 
behavior of poly (methyl methacrylate) in solution in various 
solvents at elevated temperatures as a function of time, to assess 
the role of the solvent in degradation processes, and to gather 
basic information about the mechanism of breakdown. The solvents 
chosen in this work were toluene, ethyl acetate, 1, 2.-dichloro-
ethane, and chloroform. 
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II. LITERATURE REVIEW 
Investigations of the thermal degradation of vinyl polymer 
J.n solution have been reported by many investigators. Primary 
studies have been made on degradation in the absence or presence 
of oxygen and catalysts. Also theories of the oxidation processes 
involved have been proposed by a number of workers. 
Staudinger (l) carried out a number of experiments on the 
thermal degradation of polystyrene in solution. The polymer was 
dissolved and boiled in various solvents under a blanket of carbon 
dioxide. The results showed that the viscosities of the initial 
polymer solutions decreased with time where the extent of this 
decrease was a function of temperature and type of solvent used. 
Schulz and Husemann {2 ) also carried out a number of 
experiments on the degradation of polystyrene in solution. These 
samples were sealed under nitrogen and under air pressure and 
heated at 130 °C for 50 hours. Samples tested in a nitrogen 
environment showed a slight decrease in molecular weight from 
340, 000 to 3 20, 000; while the molecular weight of these samples 
when run in the presence of air showed a molecular weight decrease 
to 14 7, 000. These authors assumed that the small amount of 
degradation in the nitrogen atmosphere was due to traces of oxygen. 
4 
. (3)(4) 
J elhnek and co-workers studied the degradation of 
polystyrene in solution in high vacuum. The object of this work 
was to ascertain the role of the solvent in the degradation processes 
and whether the mechanism, as monomer formation is concerned, 
is similar to that of the bulk phase. The results indicated that 
monomer formation obeys a zero-order reaction rate law, as was 
found in the bulk reaction. 
Chen (5 ) studied the photodegradation of polystyrene in 
solution in benzene. These solutions were exposed to ultraviolet 
radation of wavelength 253 7. 5 A. The intrinsic viscosities decreased 
steadily with time of irradiation. The rate and extent of degradation 
were found to be a function of the light intensity as expressed in the 
following equation: 
d{ !!l = KI 
d t 
(1')) = Intrinsic viscosity 
t = Time in seconds 
K = Rate constant 
I = Light intensity 
This relationship agrees with a random degradation process where 
the mechanism does not follow a specific law. 
Cowley and Melville (6 ) studied the photodegradation of 
5 
poly (methyl methacrylate} exposed to ultraviolet light of wave-
., 
length 2537 A and found that it degraded rapidly to monomer at 
temperatures above 130 °C in vacuum. The results showed that 
the mechanism of degradation was a true depolymerization process, 
involving initiation, a depropagation reaction, and mutual termi-
nation of reaction chains. 
Mesrobian and Tobolsky ( 7 ) (8 ) carried out a number of 
investigations on simultaneous polymerization and degradation in 
solutions. Their experiments indicated that equilibrium or steady 
state was reached between polymerization and depolymerization. 
These workers used reversible viscometers (7) {8) to determine 
changes in viscosity. The results showed that all samples seem 
to converge to a steady state. The steady-state viscosities obtained 
in the viscometer (reversible) had a higher viscosity than those 
obtained under reflux. Similar experiments were also carried out 
with methyl methacrylate. In this case, the convergence of various 
samples to a steady state value was not as apparent as with 
polystyrene. 
More detailed experiments were carried out in sealed tubes 
and the relative or the intrinsic viscosity was determined. It was 
found that the extent of degradation increased with the concentrations 
of either polymer or benzoyl peroxide. Also the method of peroxide 
6 
addition was found to have an effect on degradation. 
Thompson (9 }' Montgomery and Winkler (lO ), found that the 
nature of the solvent had a marked effect on the extent of degradation. 
Benzene and carbon tetrachloride were more effective than toluene. 
Thompson's results for solutions containing 0. 5 g of polystyrene, 
(TJ) = 0. 97, and 0. I g of benzoyl peroxide in different solvents were 
as follows; after 48 hours at 100 °C, the intrinsic viscosities were 
0. 77, 0. 61 a:nd 0. 61 in toluene, benzene, and carbon tetrachloride, 
respectively. Hydroquinone was found to retard degradation. From 
these results it would appear that the role of the solvent in the 
degradation pnocess might be that of a transfer agent. Radicals 
derived from benzoyl peroxide will collide with solvent molecules, 
thus producing solvent radicals, and these in turn might react with 
polymer molecules, causing chain scission. The extent of this 
process will be a function of the type of solvent used. 
Morrison (ll) investigated the effects of air and iron salts 
on solutions of polystyrene, polyvinyl acetate, and poly··(methyl 
methacrylate.) The viscosities of these solutions decreased in the 
presence of air at a temperature of 60 °C. The viscosities of 
solutions of polyvinyl acetate in bis (2-chloroethyl) ether at 60 °C 
with 0. 003% anhydrous ferric chloride and 1 mm. of Hg of air 
pressure, first increased with time before gelling. When the same 
8 
to explain the hydrolytic degration of high polymers is insufficient 
to explain the thermal degradation of vinyl polymers. This is 
particularly true in cases where the pyrolyzate contains a large 
amount of monomer. They considered the various possible modes 
of molecular weight change due to depolymerization or polymeri-
zation. It has been postulated that appreciable amounts of mono-
mer appear in a random scission process in large molecules 
where the average molecular weight of the residue is reduced to 
a small fraction of its initial value. This behavior is represented 
by line AD in Figure 1. 
Another suggestion was that the bonds joining the end units 
to the rest of the chain might be particularly vulnerable to break-
down and thus exclusively broken. Such a process has been called 
11 stepwise depolymerizationrr and would result in a decrease in 
molecular weight directly proportional to the amount of monomer 
produced. This behavior is represented by line AC in Figure l. 
A third possible depolymerization mechanism is the exact 
reverse of polymerization. Initiation would consist of chain 
scission resulting in the production of radicals. These would 
then rapidly lose monomer units until they had completely disin-
tegrated. No large change in the molecular weight of the residue 


























o/o Degradation to monomer 
Fig. 1 Theoretical reaction curve for possible poly (methyl 
methacrylate)depolymerization mechanism. (16) 
reaction. This mechanism is represented by line AB in Figure 1. 
Grassie and Melville (l 6 ) studied the effect of pyrolysis on 
the molecular weight of bulkpaLy (methyl methacrylate) samples. 
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The results obtained in these experiments showed that the molec-
ular weight of the lower molecular weight polymer, as calculated 
from the intrinsic viscosity, increased initially with polymer having 
an initial molecular weight of 44,300. There was no decrease in 
molecular weight until at least 65% degradation. Therefore the 
only mechanism by which this reaction could have proceeded was 
reverse polymerization. This series of experiments, however, 
gives no indication of how the chain breaks initially; whether, for 
example, each bond in the chain has the same possibility of initial 
rupture or whether the ends of the chains are the vulnerable points. 
As the molecular weight of the polymer is raised, the mechanism 
ceases to be strictly reverse polymerization in the later stages of 
the reaction and the molecular weight decreases. The degradation 
of polymers of molecular weight 94, 000 was a reverse polymeri-
zation up to about 30% degradation. With those polymer of molecular 
weight 179, 000, the molecular weight decreases after about 10-15% 
degradation while with polymers of molecular weight 725, 000 there 
appears to be an immediate decrease in molecular weight. 
Hart (1?) also studied the change of molecular weight of 
11 
the residue with respect to the extent of degradation using two 
grades of poly (methyl methacrylate). Polymer A was synthesized 
in the presence of 0. 6% benzoyl peroxide arrd had a molecular 
weight of 146, 000. Polymer B was prepared by placing a pure 
monomer without initiators in an evacuated tube and polymerizing 
in bulk at -25 °C to -35 °C. It had an average molecular weight of 
5, 030, 000 as determined by the light-scattering method. There-
sults show that the higher the molecular weight the easier the 
degradation. 
From the results of Grassie 0 6 ) and Hart 0 7 ), it was 
found that there is a general agreement that the higher the molec-
ular weight of the original polymer, the more drastic is the decrease 
in the molecular weight of the residue. These facts were explained 
by Madorsky (lS} as shown in the following mechanism. Degrada-
tion takes place by random scissions of chains. Because of steric 
hindrance of the CH3 and COOCH3 groups on alternate carbon atoms, 
these reactions can not be accompanied by a hydrogen transfer at 
the site of scission. Therefore, a scission results in the formation 
of two radicals. 
experimental facts that the molecular weight of a polymer may 
increase during pyrolysis and that the products of degradation 
generally contain monomers. 
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Straus and Madorsky ( 19 ), and Lehmann, Brauer et. al., 
(20) analyzed the volatile products from pyrolysis of poly {methyl 
methacrylate and showed that on degradation, in the temperature 
range of about 150-500 °C poly (methyl methacrylate) yields almost 
100% monomer. At a higher temperature (525 °C), the products, 
as analyzed by gas chromatography, were shown to be 96. 2% of 
monomer and 3. 6% of gaseous products and 0. 2% of other miscel-
laneous residue. 
Recently Bywater and his associates (22) (21) investigated 
the thermal degradation of poly (methyl methacrylate) in diphenyl-
ether, a.-methylnaphthalene, and 1, 2, 4-trichlorobenzene solution. 
The depolymerization kinetics has been studied in diphenyl-ether 
solution, and also the mechanism of depolymerization has been 
studied in two other solvents to assess the effect of the solvent on 
the reaction. Gras sie 1 s (23 ) theory that depolymerization at the 
low temperature is initiated at unsaturated end-groups produced 
by disproportionation termination in their preparation, is used to 
explain the results by these authors. The results show that the 
mechanism is the same in all solvents. The rate constant for 
chain initiation changes little with solvent. The variations in 
rate observed are primarily dependent on the magnitude of the 
chain transfer constant which increases with the solvent series 
as shown as follows: 
Trichlorobenzene < diphenylether < O.-methylnaphthalene. 
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During the last fifteen years, infra-red spectroscopy has 
been extensively used for polymer research. Infra-red spectra 
have been used to determine tacticity in methacrylate polymers 
by a number of investigators. Goode and his coworkers (25) found 
that the infra-red spectra of various type of poly (methyl metha-
crylate) differ in several regions. Barnes (24) has described the 
use of thermal degradation combined with infra-red examination 
of the pyrolyzate in the identification of a clear, transparent 
plastic, found to be poly (methyl methacrylate). Absorption bands 
are observed in poly (methyl methacrylate) corresponding to C=O 
stretching at 5. 8 u, C-0 at 8. 9 u and C=C at 6. 1 u. 
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III. EXPERIMENTAL 
A. Purpose of Investigation 
The purpose of this study was to investigate the thermal 
behavior of poly (methyl methacrylate) in solution in various 
solvents at elevated temperatures as a function of time, to 
assess the role of the solvent in degradation processes, and 
to gather basic information about the mechanism of break-
down. The solvents chosen in this work were toluene, ethyl 
acetate, 1, 2-dichloro-ethane, and chloroform. Hereafter, 
poly (methyl methacrylate) will be referred to as PMMA. 
B. Plan of Investigation 
On the degradation processes, the viscosities of the 
initial polymer solutions decreased with time where the ex-
tent of this decrease was a function of temperature and type 
of solvent used. The change in the viscosities of polymer 
solutions as a function of reflux time were determined in 
this investigation. 
A Cannon-Ubbelohde Dilution Viscometer, and a 
Pycnometer as shown in Fig. 3, were used for measuring 
the viscosities and densities of the solvents and the polymer 
solutions in a constant temperature water bath (30 °C). 
An oil bath was set up, as shown in Fig. 4, for 
16 
refluxing the polymer solutions, in the flask at the elevated 
temperature. 
Infra-red patterns were studied for qualitative 
analysis of the degradation products. Figure 2 shows a 







































Fig. 3. (a) Cannon- Ubbelohde Viscometer 
(b) Pycnometer 





500 ml flask 
Oil bath 
Polyn1er solution 




C. Methods of Procedure 
1. Procedure for the use of the Cannon- Ubbelohde 
Dilution Viscometer 
As described in Appendix I or A. S. T. M. D 445-61 
Appendix N. 
2. Calibration of Viscometer 
As described in Appendix II and shown in Table I. 
3. Density measurements b;} using Pycnometer 
As described in Appendix III and shown in Table II. 
4. Viscosity, Relative Viscosity and Intrinsic Viscosity 
measurements 
Viscosities of solvents and solutions were obtained as 
described in Appendix I. Relative viscosity is the 
viscosity ratio af solution and solvent. 
11r = 11 solution/11 solvent 
Specific Viscosity is defined as 
'llsp = 11r - 1 = ('r) solution - 11 solvent)/11 solv. 
then calculate the reduced viscosity from the following 
equation: 
'llred. = 'llsp/ C 
The intrinsic viscosity ('r)) is independent of concen-










~:~ A and B are defined by the equation: 
v.::: TJt = At - B/t 





























































>:< Reading refer to calibration marks at 30 °C for water. 
~:c:{c Pycnometer No. 1 = 26. 059 5 gm. 
No. 2 = 24. 5391 gm. 
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5.36 Pycnometer No. 2 















0 2 4 6 8 10 12 14 16 18 20 
Pycnometer Reading 
Fig. 5. Relationship between pycnometer reading and weight of water at 30 °C 
2.4 
of the solvent used. Usually 0. 5 g I 100 ml. concentration 
is used as an approximation to 
[ 11J ::: lim. 11 s pIC 
c-o 
[ 11J can be obtained from the relationship of 1lsp/ C 
and C, as extrapolating toG-- 0 1 intercept ::: [,]. Also 
the correlation between intrinsic viscosity and molecular 
weight for linear polymers is expressed in the equation 
where Kanda are constants determ'"inedfrom a double 
logarithmic plot of intrinsic viscosity and molecular 
weight. Both K and a are functions of the solvent as 
well as of the polymer type. K and a used in this 
paper are shown in Table III. 
The viscosity equation used in this thesis was 
derived as follows: If an energy and material balance 
is made about a capillary viscometer, equation (l) 
is obtained. 
Xl - Xz = Ff + F c +Fe (l) 
Where X1 - Xz ::: Vertical distance between two 
menisci in viscometer 
F f = Friction in capillary 
25 
F c = Friction due to stream contraction 
Fe = Friction due to stream expansion 
Ff can be calculated by Poiseuilles law: 
(2) 
where L = Capillary length 
U = Average velocity in capillary 
jJ. = Viscosity - absolute 
g ::: Gravitational constant 
I = Density 
D = Capillary diameter 
v = Efflux volume 
t = Efflux time 
r = Capillary radius 
Since both Fe and Fe have been correlated as a 
function of kinetic energy, they can be added such 
that; 
F + F = m U 2 c e (3) 
g 
where m is the kinetic energy correction coefficient. 
Equation (2) and (3) can now be substituted into 
equation ( l) yielding equation (4 ). 
= 8 L Vf.L 
1T' I g r4 t 








1T / g r4 t g 
Solve equation (4} for p.lf, kinematic viscosity, and 
get equation {5 }. 
J.L = ~~ (X 1 - x2 ) - m v J 8 LV 8L'rrt 
(5) 
Equation (5) is the Viscosity Equation and is usually written 
as follows: 
11 = At - B/t 
I 
5. Polymer Samples 
Four different samples of PMMA having molecular 
weight of 2, 050, 000, 730, 000, 320, 000, and 43, 000 
were used throughout this work. All samples were 
supplied by Research Lab. , Rohm & Haas Co. in the 
form of powders. The molecular weights were 
checked from dilute solution viscosity data using 
ethylene dichloride and following formula: 
[ 11J = 53x lo- 6 M 0• 77 
The results were shown in Table III, and Fig. 6-9, 
pages 31-37. 
6. Solvents 
Chemicatrpure reagents, Toluene, Ethyl Acetate, 
Ethylene Dichloride and Chloroform were used. All 
of solvents were distilled before use and stored in 
27 
dried glass stoppered bottles. First 10% and last 
1 Oo/o of distillate was discarded. The physical prop-
erties of the solvents are given in Table IV, page 29. 
7. Polymer Solution preparation andmethod of degradation 
Approximate 0. 5 gm of sample was dissolved in 100 
ml of solvent to make a 0. 5% W polymer solution. 
v 
These solutions were filtered through a sintered glass 
filter, then were placed in a flask and refluxing the 
solutions in a constant temperature oil bath at elevated 
temperature. After 10-hour intervals, a few milli-
liters of the respective solutions were withdrawn and 
the relative viscosity and density was measured. 




Intrinsic Viscosity - Molecular Weight Relationship 
0 
at 30 C for PMMA Samples 
Polymer Molecular W eif5ht [-rj] >:c 
· (Rohm & Haas. ) 
PMMA l 2,050,000 3.84 
PMMA2 730,000 l. 734 
PMMA3 320,000 0.918 
PMMA4 43,000 0. 196 
>:c Calculated from equation: 
[ 11] = KMa in 1, 2. dichloroethane 





= 0. 77 
M = Molecular weight 














Physical Properties of Solvents at 30°C 
Solvents B. P. Density Viscosity Viscosity'~ % diff. 
oc g/rri centipoise cent:ipQise 
Chloroform 61. 2 I. 4706 o. 5057 0.5124 1.1 
Ethyl Acetate 77.2 0.8895 0.3995 0. 4012 0. 1 
1, 2-dichloro- 83.5 I. 2398 0.7224 0.7310 1 
ethane 
Toluene 110. 6 0.8565 0.5171 0.5208 0. 7 
':~ From International Critical Table 
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TABLE V 
Intrinsic Viscosity of PMMA, Molecular weight 2, 210, 000 in 
1, 2-dichloroethane at 3 0 °C 
Concentration Relative Viscosity Specific Viscosity Reduced 
g/IOOml 11r 11sp. Viscosity 
'llsp/C 
0. 4 775 4. 3907 3.3907 7.1141 
0.2388 2.3425 1. 3425 5.6219 
0. 1592 1. 8226 0.8226 5. 1681 
0. 1194 1. 5723 0.5723 4.7945 








0 o. 1 0.2 
C g/-10,0 ml 
~oint for 0. 4775 g/ 100 ml not shown 
in order to enlarge pertinent portion 
of gr~ph 
C ;;:;: concentration 
0.3 0.4 
Fig. 6. Intrinsic Viscosity of PMMA 1, M. Wt. ::=: 2, 210, 000 
0.5 
TABLE VI 
Intrinsic Viscosity of PMMA 2, mol. wt. 733, 000 in 1, 2-
dichloroethane at 3 0 °C 
Concentration Relative Viscosity Specific Viscosity Reduced 
(g/100 ml) 
'llr 'llsp Viscosity 
'llsp/C 
o. 5010 2.0568 1. 0568 2. I 091 
0.2505 1. 4869 0.4869 1. 9438 
o. I670 I. 3I 07 0.3I07 1. 8605 
0. I253 l. 2327 0.2327 1.85I5 
0. I 002 I. I824 0. 1824 1. 8200 
32 









Point for 0. 5010 g/100 ml not shown in 
order to enlarge pertinent portion of 
graph 
C :: concentration 
1.72L-------------~--------------_l ______________ _L ______________ J _____________ ~ 
0 o. 1 0.2 I 0.3 Cg .JOOml 0.4 0.5 
Fig. 7. Intrinsic Viscosity of PMMA 2, mol. wt. 733, 000 
TABLE VII 








0 (mol. wt. 320, 000 at 30 C.) 
Relative Viscosity Specific Viscosity 
'TJr '11sp 
1. 6166 0.6166 
I. 2865 0.2865 
1.1915 0.1915 
I. 1415 0.1415 

























o. 1 0.2 
0 
Point for 0. 5263 g/100 ml not shown 
in order to enlarge pertinent portion 
of graph 
C = concentration 
C g/100m1°· 3 0.4 




Intrinsic Viscosity of PMMA 4, molecular weight 43, 000 in 
l, 2-dichloroethane at 3 0 °C 
Concentration Relative Viscosity Specific Vis cos ity Reduced 
g/100 ml 11r 'l'lsp Viscosity 
'l'lsp;c 
0.5000 1. 1341 0. 1341 0.2680 
0. 2500 1. 0601 0. 0601 0.2450 
o. 1666 1. 0378 o. 0378 0.2278 
0. 125 0 1. 0275 o. 0275 0.2202 














0 o. 1 o. 2 0. 3 C g/100 ml 
Fig. 9. Intrinsic Viscosity of PMMA 4, mol.wt. 43, 000 
. C = concentration 
0.4 o. 5 
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IV. DATA AND RESULTS 
Results are reported for the thermal degradation of PMMA 
in toluene, ethyl acetate, and chloroform. All data were obtained 
as outlined in the experimental section, pages 15-37. 
The results, which are presented in both tabular and graph-
ical form, show the effects of initial polymer molecular weight, 
concentration, solvent, and temperature upon the thermal degra-
dation of PMMA. The data and results are given separately for 
each solvent. 
A. PMMA in Toluene at Ill °C 
The results for PMMA having an initial molecular weight 
of 2, 210, 000 are given in Table IX and Fig. 10, pages 40-41. 
The results for PMMA having an initial molecular weight o£ 
733, 000 are presented in Fig. 11, 12 and Table X, pages 42-44. 
The results for PMMA having an initial molecular weight of 43, 000 
are shown in Table XI, page 45 and Fig. 13, page 46. 
B. PMMA in Ethyl Acetate at 78 °C 
The results for PMMA having an initial molecular weight 
of 2, 210,000 are shown in Table XII, page 47 and Fig. 14-15, 
pages 48-49. The results for PMMA having an initial molecular 
weight of 733, 000 are given in Table XIII, page 50, and Fig. 16, 
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page 51. The results for PMMA having an initial molecular 
weight of 320, 000 are presented in Table XIV, page 52, and Fig. 17, 
page 53. The results for PMMA having an initial molecular weight 
of 43, 000 are given in Table XV, page 54, and Fig. 18, page 55. 
C. PMMA in Chloroform at 64 °C 
The results for PMMA having an initial molecular weight 
2, 210, 000 are shown in Table XVI, page 56, and Fig. 19-20, 
pages 57-58. The results for PMMA having an initial molecular 
weight of 733, 000 are shown in Table XVII, page 59, and Fig. 21, 
page 60. The results for PMMA having a molecular weight of 
43, 000 are given in Table XVIII, page 61, and Fig. 22, page 62. 
D. Infrared analysis 
Infrared patterns for the samples of PMMA after various 
degradation time in toluene, ethyl acetate, and chloroform are 
presented in Fig. 23-28, pages 63-68. 
TABLE IX 
Thermal Degradation of PMMA 1 in Toluene at 111 °C 
Sample Cone. Reflux Time Efflux Time Density Viscosity in 
No. g/J.OOml (hr s. ) t (sec. ) 30°C (g/ml) centipoise {1)3 0° c) 
T l 0.550 0 233.5 0.8622 I. 5405 
T 11 0.550 10 188. 0.8624 1. 2930 
T 12 0.550 20 165.5 0.8629 1. 1362 
T 13 0.550 30 159.7 0.8642 l. 0926 
T 14 o. 550 45 146.4 0.8764 1. 0178 
T la o. 498 0 203. 6. 0.8576 1. 4450 
T lla o. 498 10 192.5 0.8577 1. 3172 
T 12a o. 498 20 177.8 0.8579 1.2152 
T 13a o. 498 30 165. 1 0.8580 "' 1. 1766 
-
T 14a o. 498 45 138.8 0.8582 0.9824 
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Fig. 12. Thermal Degradation of PMMA 2 in Toluene at lll°C 
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TABLE XI 
Thermal Degradation of PMMA 4 in Toluene at 111 °C 
Sample Cone. Reflux time Efflux time Density Viscosity 
No. g/lOOml (hr s. ) t (sec. ) 30°C(g/ml) 113 0°C 
(centipoise) 
T 5 0.5008 0 84. 1 0.8622 0.5593 
T 51 o. 5 008 10 84.4 0.8627 0.5622 
T 52 0. 5 008 20 84.7 0.8629 o. 5641 
T 53 0.5008 30 85. 0 0.8631 0.5664 
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Fig. 13. Thermal Degradation of PMMA 4 in Toluene at 11 ood 
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TABLE XII 
Thermal Degradation of PMMA l in Ethyl Acetate at 78 °C 
Sample Concentration Reflux time Efflux time Density Viscosity 
No. · g/100 ml (hrs. ) (sec. ) 30°Cg/ml 113 0°C 
centipoise 
EA 1 l. 0005 0 348.6 0.8958 2. 5 049 
EA 11 l. 0005 10 288.1 0.8957 2.0675 
EA 12 1. 0005 20 284.8 0.8959 2.0442 
EA 13 l. 0005 30 283.5 0.8961 2.0352 
EA 14 1.0005 45 283. 0.8962 2. 0320 
EA 1a o. 5 000 0 158.3 0.8940 1. 1249 
EA 11a 0.5000 10 148. 6 o. 8941 1. 0752 
EA 12a 0. 5 000 20 147.4 0.8942 1. 0457 
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Thermal Degradation of PMMA 2 in Ethyl Acetate at 78°C 
Sample Cone. Reflux time Efflux time Density Viscosity in 
No. g/100 ml (hrs. ) t (sec. ) 3 0°C(g/ml) centipoise (1']) 
EA 2 1. 0168 0 113. 8 0.8955 0. 8012 
EA 21 1. 0168 10 117. 0 0.8955 0. 824 7 
EA 22 l. 0168 20 117.9 0.89621 0.8320 
EA 23 1. 0168 30 118.4 0.8963 o. 8361 
EA 24 1. 0168 45 118.5 0.8995 0.8395 
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Fig. 16. Thermal Degradation of PMMA 2 in Ethyl Acetate at 78 °C 
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TABLE XIV 
Thermal Degradation of PMMA 3 in Ethyl Acetate at 78 °C 
Sample Concentration Reflux time Efflux time Density Viscosity 
No. g/100ml {hrs. ) (sec. ) 30°C (g/ml) "ll3o°C 
centipoise 
EA 3 1. 0000 0 98.3 0.8958 0.6859 
EA 31 l. 0000 10 100. 0 0.8959 0.6996 
EA 32 1. 0000 20 100.5 0.8960 0.6999 
EA 33 1., 0000 30 100. 7 0.8962 o. 7051 
EA 34 l. 0000 45 105. 0 0.8967 0.7373 
EA 3a 1. 0001 0 98.5 0.8958 0.6900 
EA 32a l. 0001 20 100.9 o. 8961 o. 705 0 
EA 33a l. 0001 30 101.5 0.8962 o. 7080 
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Thermal Degradation of PMMA 4 in Ethyl Acetate at 78 °C 
Sample Concentration Reflux time Efflux time Density Viscosity 
No. g/100 ml. (hr s. } t (sec. ) 30°C (g/ml) centipoise 
1')3 0°C 
EA 5 1. 0016 0 66.9 0.8958 o. 4509 
EA 51 1. 0016 10 67.7 o. 8959 o. 4571 
EA 52 1. 0016 20 68.2 0.8960 0.4610 
EA 53 1. 0016 30 69.7 o. 8964 0.4726 
EA 54 1. 0016 45 69.8 0.8964 o. 4734 
EA Sa 0. 5008 0 63.2 0.8943 0. 4218 
EA Sla o. 5008 10 64.5 0.8944 0. 4318 
EA 52a 0.5008 20 64.6 9.8945 0.4326 
EA 53a o. 5008 30 64.4 0. 894 7 0.4312 
































0 10 20 30 
Time (hrs.) 40 50 




Thermal Degradation of PMMA 1 in Chloroform at 64 °C 
Sample No. Concentration Reflux Time Efflux Density Viscosity 
.g/lOOml (hrs. ) Time 30°C g/ml centipoise 11 30oc (sec) 
c 1 1.0063 0 759.3 1. 4688 7.8514 
Cll 1. 0063 5 759.6 1. 4 700 7.8559 
c 12 I. 0063 10 750.5 1. 4690 7.7150 
c 13 1.0063 20 732.8 1. 4693 7.5777 
c 14 1.0063 45 673. 1.4698 6.9614 
c 1a 0.5000 0 215.7 I. 4 706 2.5346 
c 12a 0.5000 10 215.3 1. 4 706 2.5298 
C 13a 0.5000 20 167.2 1.4716 1. 9385 
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Fig. 19. Thermal Degradation of PMMA 1 (1%) in Chloroform at 64 °C 
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Fig. 20. Thermal Degradation of PMMA 1 (0. 5%) in Chloroform at 64 °C 












Thermal Degradation of PMMA 2 1n Chloroform at 64 C 
Concentration Reflux Time Efflux Time Density 
g/ 100 ml (hr s. ) t (sec. ) 30 °C(g/ml) 
1. 0044 0 340.5 1. 4686 
l. 0044 5 331. 0 1. 4688 
1. 0044 10 341.0 1. 4691 
1. 0044 20 344.5 1. 4694 
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Fig. 23. Infrared analysis of PMMA 1 in Toluene at Ill °C 
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Fig. 25. Infrared analysis of PMMA 1 in Ethyl Acetate at 78 °C, - 0 hrs. --- 30 hrs. 
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Fig. 26. Infrared analysis of PMMA 4 in Ethyl Acetate at 78 °C, - 0 hrs. --- 3 0 hrs. 
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V. DISCUSSION OF RESULTS 
The results of this investigation are discussed in the same 
order as the data presented in the preceding section. 
A. Thermal degradation of PMMA, molecular weight 2, 210, 000 
The effects of degradation of high molecular weight PMMA 
on the viscosity of the polymer solutions in toluene, ethyl acetate, 
and chloroform are shown in Figures 10, 14, 15, 19, and 20, and 
pages 41, 48, 49, 57, and 58. The viscosity of the polymer 
solutions decreased with increasing reflux time. Generally it 
can be stated that the higher the molecular weight of a polymer 
the higher the viscosity and the longer the chain length. It has 
been postulated that the double bonds at the chain ends, as a re-
sult of chain termination, are weak links. (22 ) (23 ) (Z 6 ) A possible 
mechanism is shown on page 70. It has been generally accepted 
that the C=C bonds are more subject to thermal and chemical 
attack than normal C-C bonds. Under certain conditions, where 
solvent radicals may be present at elevated temperatures, they 
are probably the only bonds which are attacked. Therefore, the 
viscosity of the polymer should decrease initially. In this case 
the extent of degradation of PM~ with increasing reflux time 
can be explained by the following mechanism: 
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(a) The degradation at a given temperature stops at some 
statistical chain length, corresponding to a stage of degradation 
where all weak links have been attacked. The viscosities of 
polymer solutions will then approach a constant value. A possible 
mechanism is 
~ fHJ H f~ tf ~ c- c-.- c- c-c-
~ ~=O (h; t=o /' 






CH~ t-4 CH, 
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The above mechanism, while generally accepted, is 
slightly misleading. A closer look at this mechanism indicates 
that it is not the C=C that is attacked but rather the C-C bond 
alpha to the double bond which is the weak link. Actually, C=C 
bonds are not weaker than C-C bonds they are more polarizable 
and therefore more reactive. A more detailed version of this 







































(b) The degradation will proceed until almost all polymer 
1s converted to monomer. The viscosity of polymer solution will 
decrease to the viscosity of methyl methacrylate monomer. 
If the above mechanisms are valid, the question arises 
as to why the initial molecular weight of the polymer should have 
any influence on the degradation. This study does not give su£-
ficient information to answer this question. However, the lower 
molecular weight PMMA does not behave in the same manner. At 
this point it can only be postulated that the high molecular weight 
PMMA degrades until a statistical balance is obtained between 
the degraded polymer chain and the newly generated monomer 
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units, at which time it appears reasonable to assume that are-
verse polymerization mechanism prevails. This mechanism is 
discus sed in the following section. 
B. Thermal degradation of PMMA, of molecular weights 733, 000, 
3 2 0, 0 0 0, and 4 3 , 0 0 0 
It was found in the experiments with PMMA of molecular 
weights of 43, 000, 320, 000 and 733, 000 that the viscosities of 
these solutions slightly increased with increasing reflux time in 
toluene, ethyl acetate, and chloroform. These results can be 
explained as follows. The chain transfer mechanism is of the 
usual hydrogen-transfer type. (23 ) In the absence of transfer, 
and assuming termination by disproportionation, each molecule 
(radical) must, therefore, be terminated at one end by a catalyst 
fragment, 
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In the above mechanism a free radical abstracts a hydrogen atom 
from a carbon atom in the backbone of another chain which can 
become a polymer molecule with a saturated end group as seen 
in the disproportionation reaction. For low molecular weight 
polymers, the polymer chain is initiated at the chain end by either 
becoming activated or by the breaking off of a monomer unit. 
These monomers can then add to a polymer radical or an activated 
monomer in rapid succession, as in the propagation reaction 
during polymerization. As a result the degradation process will 
be a reverse polymerization which means a polymerization re-
action takes place during degradation. Therefore, the viscosities 
of the polymer solutions will increase. It would be expected that 
if the reflux time were extended sufficiently that a decrease in 
viscosity would occur and that the mechanism of decomposition 
would then be the same as that for the high molecular weight 
polymer. 
There are other :ceasons why the viscosity of the lower 
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molecular weight PMMA1 s could increase in viscosity when sub-
jected to elevated temperatures. I£ the initial molecule contains 
C=C along the chain backbone it might be expected that s orne 
branching or crosslinking could occur. A small amount of either 
could cause appreciable increases in viscosity. Since the PMMA1 s 
used in this study are derived from narrow fractions and therefore 
have a narrow molecular weight distribution, these possibilities 
have not been considered. 
C. Solvent effects 
The results obtained for the PMMA of molecular weight 
2, 210,000 show that the mechanism is nearly the same in all 
solvents, but that the extent of this degradation process is a 
function of the type of solvent used. The ratios of the relative 




'11r = 1. 5 
11r = 1. 2 
11r :::: 1. 1 
It appears unlikely that PMMA would completely decom-
pose at the temperature and pressure used in this investigation. 
Hence the role of the solvent on this degradation process may be 
that of a transfer agent. Radicals derived from the catalyst which 
was used in the preparation of these polymers can collide with 
solvent molecules, producing solvent radicals, and these in turn 
could react with polymer molecules, causing chain scission. The 
mechanism may be shown as follows: 
Cf1~ H fH> 
..... . c l c 
....... - c- • 
1 I I C:::.o H C::::O 
+ 
I I ocH~ ocH1 
D. Products of Degradation 
~a.cf wltl? 
;-Dojme r- >n l'ke u./(1$ 
R· 
Infrared spectroscopy has beeri used for a qualitative de-
termination of the products of degradation. Since the products of 
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degradation of PMMA are known to consist principally of monomer 
( 19 ) (Z 0 ) h d . . f c c b . d" . 
, t e eterm1nat1on o - = - group can e an 1n 1catlon 
of the degree of degradation or the degree of reverse polymeri-
zation. According to Beer 1 s Law, the concentration of - C=C-
group is proportional to the absorbance intensity. Absorption 
bands are observed in PMMA corresponding to C=O stretching 
at 5. 8 u and C-0 at 8. 9 u. The following correlations for strong 









(not definitely as signed) 
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If the products of degradation are essentially monomer units, then 
the concentration of -C=C- should be increased for the high 
molecular weight polymer. In contrast to this case, if the PM:MA 
continue to polymerize during the reflux time the peak of double 
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bond observed should be weaker than observed in the original 
solution for the low molecular weight polymer. As shown in 
Figures 23, 25 and 27, pages 63, 65, and 67, the infrared curves 
for PMMA having an initial molecular weight of 2, 210,000 in 
toluene, ethyl acetate, and chloroform indicate a degradation 
mechanism. PMMA having molecular weight 733, 000, and 43,000 
indicate a reverse polymerization mechanism as shown in Figures 
24, 26 and 28, pages 64, 66, and 68. The results appear to 
satisfy this assumption and give some validity to the proposed 
mechanisms. 
VI. LIMITATIONS AND RECOMMENDATIONS 
(l) The degradation temperatures employed in this study were 
limited to the boiling points of the solvents used. It would 
77 
be more desirable to use a closed-system and in this way 
degradation processes could be studied over a wide tempera-
ture range. The effects of pressure as a function of tempera-
ture would then have to be taken into account. 
(2) The products of degradation could not be separated from the 
solution in this study and the remaining polymer could not 
be characterized since the necessary equipment was not 
available. It is suggested that the degraded polymer be 
fractionated, and then characterized. It would then be pos-
sible to obtain rate data on the degradation processes. 
(3) The Cannon-Ubbelohde Viscometer used for measuring the 
viscosities was exposed to the atmosphere during testing. 
Although the solvent evaporation was probably negligible 
some error was introduced into the calculations. This error 
could be eliminated by running the viscosities in an atmosphere 
of the solvent vapor in equilibrium with the polymer solution 
in the viscometer. 
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VIII. CONCLUSIONS 
As a result of this study the following conclusions were 
made: 
(1) The rate of thermal degradation of PMMA in solution 
is a function of polymer molecular weights, temperature, reflux 
time and the type of the solvent used. 
(2) PMMA having a viscosity average molecular weight 
of 2, 210, 000 degrades when it is refluxed at the normal boiling 
points of toluene, ethyl acetate and chloroform. Viscosity 
measurements and infrared patterns of samples that had been 
degraded for various periods of time indicated that the polymer 
decomposed into smaller units containing double bonds. A 
mechanism for the polymer break down has been proposed. PMMA 
having average molecular weights of 733,000, 320,000 and 43,000 
were run under the same conditions as the higher molecular 
weight polymer. In these cases the viscosity and infrared data 
indicated that the initial polymer increased in chain length as the 
reflux time increased {within the limits of this study). A decrease 
in the number of double bonds with increasing reflux time supports 
this mechanism. 
(3) The role of the solvents on these degradation processes 
may be that of a transfer agent. 
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Procedure for the use of the Cannon- Ubbelohde Dilution Viscometer 
I. Clean the viscometer using suitable solvents (such as acetone) 
and dry by pas sing clean, dry filtered air through the instru-
ment to remove the final traces of solvents. Periodically, traces 
of organic deposits should be removed with a chromic acid-
sulfuric acid cleaning solution. 
2. If there is a possibility of lint, dust, or other solid material in 
the liquid sample, filter the sample through a cintered glass 
filter. 
3. Charge a measured volume of sample (8. 00 to 10.00 ml) directly 
from the pipette through tube G into the lower reservoir of the 
viscometer. 
4. Place the viscometer into the holder and insert it into the con-
0 
stant temperature water bath {30 C). Vertically align the vis-
cometer in the bath if a self aligning hold has not been used. 
5. Allow approximately 20 minutes for the sample to come to the 
bath temperature. 
6. Place a finger over tube B and apply suction to tube A until the 
82 
liquid reaches the center of bulb C. Remove finger from tube 
B, and immediately place it over tube A until the sample drops 
away from the lower end of the capillary into bulb I. Then re-
move finger and measure the efflux time. 
7. To measure the efflux time, allow the liquid sample to flow 
freely down past etch mark D, measuring the time for the 
meniscus to pass· from etch mark D to etch mark F to the 
nearest O. 1 second (use stop watch 0. 2 division). 
8. Without recharging the viscometer, make check determination 
by repeating steps 6 and 7 until the efflux times are nearly the 
same (approx. 0. 1 second diff. ). 
9. Dilute sample by adding a measured quantity of solvent from 
pipette directly into the lower reservoir of the viscometer. 
Mix the original sample and the solvent by applying slight pres-
sure to tube B several times, and shaking the viscometer. 




Calibration of Viscometer 
For gravity type capillary viscometers, the viscosity equation is 
usually written as follows: 
v = 'TJ = At - B/t 
T 
where v ::: Kinematic Viscosity in Stokes or centistokes. 
11 ::: Viscosity of Solution in Poises or centipoises. 
I = Density of Solution, g/ml. 
A = Viscometer Constant. 
t = Efflux time in Seconds. 
B/t is called the Kinetic Energy Correction. If the coefficient of the 
kinetic energy correction is a constant, we may say that B is a 
constant. 
The viscometer constant is the same at all temperature. A 
and B can be determined by using two or more standard oils on which 
the kinematic viscosities and densities at elevated temperature are 
known. Pure water or a pure solvent whose viscosity and density 
are known can also be used. Follow the procedure described on 
Appendix I observing the efflux time t. Substitute into the viscosity 
equation to calculate the viscometer constants. 
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APPENDIX III 
Density measurements by using Pycnometer 
Densities of the solvents and the polymer solutions were measured 
using a pycnometer as follows: 
1. Clean the pycnometer using acetone 1 then dry by passing 
vacuum pump or dry filtered air. 
2. Weigh the pycnometer to nearest 0. 0001 gram. 
3. Charge above 5 ml of water by applying pressure (using rubber 
bulb). 
4. Determine the total weight of water and pycnometer to obtain 
the weight of water in pycnometer. 
5. Place the pycnometer into the constant temperature water bath 
{3 0°C). 
6. Allow approximately 20 minutes for the sample to come to bath 
temperature. 
7. Record the reading marks from the pycnometer. 
8. Charge different volumes (approx. 5 ml) of water, repeat the 
steps3to7. 
9. Plot the relationship between the reading marks of pycnometer 
and the weights of water. 
10. Charge the samples to be measured instead of water into 
pycnometer and repeat steps 3 through 7. 
11. Weight of the sample divided by weight of water at same reading 
marks is the density of the sample at 3 0°C. 
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6. Allow approximately 20 minutes for the sample to come to bath 
temperature. 
7. Record the reading marks from the pycnometer. 
8. Charge different volumes (approx. 5 ml) of water, repeat the 
steps 3 to 7. 
9. Plot the relationship between the reading marks of pycnometer 
and the weights of water. 
10. Charge the samples to be measured instead of water into 
pycnometer and repeat steps 3 through 7. 
11. Weight of the sample divided by weight of water at same reading 
marks is the density of the sample at 30°C. 
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APPENDIX III 
Density measurements by using Pycnometer 
Densities of the solvents and the polymer solutions were measured 
using a pycnometer as follows: 
1. Clean the pycnometer using acetone, then dry by passing 
vacuum pump or dry filtered air. 
2. Weigh the pycnometer to nearest 0. 0001 gram. 
3. Charge above 5 ml of water by applying pressure (using rubber 
bulb). 
4. Determine the total weight of water and pycnometer to obtain 
the weight of water in pycnometer. 
5. Place the pycnometer into the constant temperature water bath 
(30°C). 
6. Allow approximately 20 minutes for the sample to come to bath 
temperature. 
7. Record the reading marks from the pycnometer. 
8. Charge different volumes {approx. 5 ml) of water, repeat the 
steps 3 to 7. 
9. Plot the relationship between the reading marks of pycnometer 
and the weights of water. 
10. Charge the samples to be measured instead of water into 
pycnometer and repeat steps 3 through 7. 
ll. Weight of the sample divided by weight of water at same reading 
marks is the density of the sample at 3 0°C. 
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